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7KH+/$:RI WKLFNVHFWLRQVWHHOV UHTXLUHVKLJKEULJKWQHVVKLJKSRZHU ODVHUVDSSURSULDWHSURFHVVSDUDPHWHUV
DQG DOWHUQDWLYH WHFKQLTXHV IRU REWDLQLQJ GHHSHU SHQHWUDWLRQ +RZHYHU DV WKH SRZHU OHYHO RI FXUUHQW FRPPHUFLDO
ODVHUV LV WHFKQRORJLFDOO\ OLPLWHG ZHOGLQJ JUHDWHU WKLFNQHVVHV FDQ EH FKDOOHQJLQJ $ JUHDW GHDO RI H[SHULPHQWDO
UHVHDUFKKDVEHHQFRQGXFWHGRQWKH+/$:RIWKLFNVHFWLRQVWHHO9ROOHUVWHQHWDODQG5HWKPHLHUHWDO
VXJJHVW XVLQJ HLWKHU D EHYHOHG JURRYH RU SUHKHDWLQJ WR LQFUHDVH SHQHWUDWLRQ $QRWKHU FRQYHQWLRQDO WHFKQLTXH IRU
LQFUHDVLQJSHQHWUDWLRQLVWKHXVHRIDSUHVHWJDS'HSHQGLQJRQWKHSODWHWKLFNQHVV:HEVWHUHWDOVXJJHVWHGD
FHUWDLQJDSWRLQFUHDVHSHQHWUDWLRQWKXVERRVWLQJSURFHVVHIILFLHQF\+RZHYHUWKHVHWHFKQLTXHVKDYHGUDZEDFNVRI
WKHLURZQ%HYHOLQJ LV WKHPRVW FRPPRQO\XVHG WHFKQLTXH EXW LW LV FRVWO\3UHKHDWLQJ LV QRWRQO\ FRVWO\EXW DOVR
LQFRQYHQLHQWHVSHFLDOO\IRUWKHPDQXIDFWXUHRIODUJHVWUXFWXUHV0RUHRYHUWKHSURFHVVLQJRIWKLFNPDWHULDOVLQYROYHV
WKHSRVLWLRQLQJRIODUJHZRUNSLHFHVPDNLQJLWGLIILFXOWLIQRWLPSRVVLEOHWRNHHSDFRQVWDQWJDSWKURXJKRXWWKHMRLQW
6HIIHUHWDO&RQVHTXHQWO\DYDU\LQJJDSLQFOXGLQJ]HURJDSPXVWEHFRQVLGHUHGIRUWKHZHOGLQJ:HEVWHU
HWDO
7KHVH LVVXHV PHDQ WKDW WKH LQYHVWLJDWLRQ RI DOWHUQDWLYH VROXWLRQV IRU LQFUHDVLQJ SURFHVV HIILFLHQF\ LV RI JUHDW
LPSRUWDQFH)RULQVWDQFHWKHJHRPHWULFDODQGSK\VLFDOFKDUDFWHULVWLFVRIWKHZHOGJURRYHVXUIDFHPXVWEHFRQVLGHUHG
LQRUGHUWRLPSURYHWKHHQHUJ\FRXSOLQJLQWRWKHZRUNSLHFH2QWKHEDVLVRIWKHUHVXOWVRIDEVRUSWDQFHPHDVXUHPHQWV
LQ%HUJVWURPHW DO  WKDWZHUH SUHIRUPHG IRU VROLGVWDWH ODVHUV DWZDYHOHQJWKVRI  DQGȝP LW LV
HYLGHQWWKDWVXUIDFHURXJKQHVVVXUIDFHR[LGHVVXUIDFHFRQWDPLQDWLRQDQGWKHSUHVHQFHRIDOOR\LQJHOHPHQWVLQWKH
VWHHOV FDQ LQFUHDVH DEVRUSWDQFH 0RUHRYHU DFFRUGLQJ WR .DSODQ  DQ DQDO\WLFDO LQYHVWLJDWLRQ RI WKH
DEVRUSWLYLW\ RI  ȝP ODVHU UD\V DFURVV D ZDY\ PROWHQ VWHHO VXUIDFH KDV VKRZQ WKDW HYHQ D UDWKHU ORZ OHYHO RI
URXJKQHVVRIWKHRUGHURIȝPVWURQJO\PRGXODWHVWKHORFDODEVRUSWLYLW\DFURVVWKHVXUIDFH5HFHQWH[SHULPHQWDO
VWXGLHVRQ WKH VROLGVWDWH ODVHUZHOGLQJRI VWHHO UHYHDO WKDW WKH HGJH VXUIDFH URXJKQHVV JHRPHWU\ DQGSUHSDUDWLRQ
PHWKRGRIWKHMRLQWKDYHDVLJQLILFDQWLQIOXHQFHRQSHQHWUDWLRQLQDEXWWMRLQWFRQILJXUDWLRQ,Q)DUURNKLHWDO
DVWXG\RIWKH+/$:RIPPVWHHOZLWKGLIIHUHQWHGJHVXUIDFHURXJKQHVVVKRZHGWKDWWKHZHOGLQJRIVDPSOHVZLWK
VDQGEODVWHG ODVHU FXW VXUIDFHV UHTXLUHG OHVV ODVHU HQHUJ\ WKDQ WKHZHOGLQJRI VDPSOHV WKDW KDGEHHQ SUHSDUHG E\
ZDWHUMHWFXWWLQJRUPLOOLQJ,Q6RNRORYHWDODVWXG\RIUHGXFHGSUHVVXUHODVHUZHOGLQJRIPPWKLFNVWHHO
UHYHDOHGWKDWWKHFRPELQDWLRQRILQFUHDVHGHGJHVXUIDFHURXJKQHVVDQGDSUHVHWJDSLQFUHDVHVWKHZHOGSHQHWUDWLRQ
0RUHRYHUDQHDUOLHUVWXG\LQYHVWLJDWHGWKHLQIOXHQFHRIHGJHVXUIDFHURXJKQHVVRQODVHUDEVRUSWLRQDWSRZHUOHYHOV
RIDERYHN:6RNRORYHWDO )URPWKHODWWHU LW LVHYLGHQW WKDW WKHLQIOXHQFHRIFXWTXDOLW\DQGVXUIDFH
URXJKQHVVPXVW EH WDNHQ LQWR FRQVLGHUDWLRQZKHQ ODVHU ZHOGLQJ KHDY\ VHFWLRQ VWHHO DV WKH SURFHVVLQJ RI KLJKHU
WKLFNQHVVHVUHTXLUHVODVHUSRZHUOHYHOVKLJKHUWKDQN:
6RIDURQO\VWDQGDUGPLOOLQJKDVEHHQXVHGIRUJURRYHSUHSDUDWLRQSULRUZHOGLQJLQWKHYDVWPDMRULW\RI+/$:
UHVHDUFK9HU\IHZVWXGLHVKDYHEHHQSXEOLVKHGRQWKHHIIHFWRIHGJHVXUIDFHTXDOLW\RQODVHUDEVRUSWLRQDQGRQWKH
HIILFLHQF\ RI WKH VXEVHTXHQW ZHOGLQJ SURFHVV 'HVSLWH WKH LPSRUWDQFH RI DGHTXDWH WRSRJUDSK\ LQ VXUIDFH TXDOLW\
HYDOXDWLRQWKHHIIHFWRIGLIIHUHQWURXJKQHVVSDWWHUQVKDVQRWEHHQWDNHQLQWRDFFRXQW0RUHRYHULQ%HUJVWURPHWDO
WKHDEVRUSWDQFHPHDVXUHPHQWVZHUHSHUIRUPHGDWURRPWHPSHUDWXUHZLWKLQDUDQJHRIWRȝPDYHUDJH
URXJKQHVV DQG WKHUH LV QRW HQRXJK NQRZOHGJH DERXW WKH DEVRUSWLRQ FKDUDFWHULVWLFV LQ ZHOG JURRYHV DW HOHYDWHG
WHPSHUDWXUHVZLWKURXJKQHVVYDOXHVH[WHQGLQJIDUDERYHWKLVOLPLWHGUDQJH,Q6RNRORYHWDOWKHUHVHDUFKZDV
OLPLWHGWRDUDQJHRIWRȝPDYHUDJHURXJKQHVVEHFDXVHDWOHYHOVKLJKHUWKDQȝPWKHTXDOLW\RIDXWRJHQRXV
ODVHUZHOGLQJZDVXQDFFHSWDEOH:LWKK\EULG ODVHUZHOGLQJKRZHYHU WKLV UDQJH LVPRUHIOH[LEOHGXH WR WKHEHWWHU
EULGJHDELOLW\RIWKHSURFHVV
7RDGGUHVVWKHVHLVVXHVWKLVVWXG\DLPVWRLQYHVWLJDWHWKHHIIHFWRIGLIIHUHQWHGJHVXUIDFHTXDOLWLHVLQFOXGLQJERWK
URXJKQHVVYDOXHDQGLWVSDWWHUQRQWKHVXEVHTXHQW+/$:RIVWHHO)RUWKLVUHDVRQGLIIHUHQWHGJHVXUIDFHURXJKQHVV
OHYHOVKDYHEHHQFKRVHQIRUWKHVWXG\UDQJLQJIURPWKHFRPPRQLQGXVWULDOPLOOLQJTXDOLW\WRURXJKQHVVOHYHOVDERYH
ȝP,QDGGLWLRQWKHLQIOXHQFHRIGLIIHUHQFHVLQSUHVHWJDSKDVEHHQWDNHQLQWRDFFRXQWWRDOORZFRPSDULVRQZLWK
WKHLQIOXHQFHRIHGJHVXUIDFHSUHSDUDWLRQDVDQDOWHUQDWLYHDSSURDFKIRULQFUHDVLQJSURFHVVHIILFLHQF\
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2.1. Materials and preparation procedure 
7RLQYHVWLJDWHWKHHIIHFWRIGLIIHUHQWHGJHVXUIDFHTXDOLWLHVRQVXEVHTXHQWZHOGLQJSURFHVVHIILFLHQF\WKHVDPSOHV
ZHUHSUHSDUHGZLWKIRXUGLIIHUHQWTXDOLWLHVWRVWXG\WKHLQIOXHQFHRIVXUIDFHURXJKQHVVDQGURXJKQHVVSDWWHUQVVHH
)LJXUH
4XDOLWLHV   DQG ZHUH SUHSDUHG E\PHDQV RI WKH FRPPRQ LQGXVWULDOPLOOLQJPHWKRG IRU LQYHVWLJDWLQJ WKH
HIIHFWRIVXUIDFHURXJKQHVV7KHVDPSOHVZHUHSUHSDUHGZLWKWKHVDPHPLOOLQJPDFKLQHEXWZLWKGLIIHUHQWWRROVDQG
SDUDPHWHUVWRSURYLGHWKUHHURXJKQHVVOHYHOV(GJHVXUIDFHTXDOLW\ZDVFRQVLGHUHGWRKDYHQHDUO\WKHVDPHDYHUDJH
URXJKQHVVYDOXHDVTXDOLW\H[FHSWWKDWLWKDGDGLIIHUHQWURXJKQHVVSDWWHUQ)RUWKLVUHDVRQVXUIDFHTXDOLW\ZDV
REWDLQHG E\ ODVHU FXWWLQJ XVLQJ WKH SURFHVV SDUDPHWHUV LQ 7DEOH  7KLV DOORZHG LQYHVWLJDWLRQ RI WKH HIIHFW RI
GLIIHUHQWVXUIDFHSDWWHUQV,WVKRXOGEHQRWHGWKDWHYHQGXULQJODVHUFXWWLQJZLWKQLWURJHQJDVWKHFXWVXUIDFHPLJKW
EHFRPHR[LGL]HG7KLVLVGXHWRWKHIDFWWKDWGXULQJWKHFXWWLQJWKHFXWVXUIDFHDUHDWKDWLVRXWVLGHRIWKHQLWURJHQ
FRYHUDJHDUHDPLJKWEHH[SRVHGWRR[\JHQDWWKHHOHYDWHGWHPSHUDWXUHV)RUWKLVUHDVRQLQWKLVH[SHULPHQWWKHODVHU
FXW VDPSOHVZHUH VDQGEODVWHG WR UHPRYH WKH R[LGH OD\HU IURP WKH FXW VXUIDFH ,Q DGGLWLRQ DOO WKH VDPSOHVZLWK
PLOOHGHGJHVZHUHFOHDQHGE\DOFRKROWRUHPRYHWKHZDWHUPLVFLEOHFRRODQWOLTXLGIURPWKHVXUIDFHV
)LJXUHV WR VKRZ WKH UHVXOWVRI VXUIDFH WRSRJUDSK\7KHPLOOHGVXUIDFHVKDYHDFOHDUSDWWHUQFUHDWHGE\ WKH
URWDWLRQ RI WKHPLOOLQJ WRRO+RZHYHU VXUIDFH TXDOLW\  H[KLELWV D GLIIHUHQW SDWWHUQ RI VWULDWLRQV FUHDWHG E\ ODVHU
FXWWLQJHYHQWKRXJKLWKDVQHDUO\WKHVDPHURRWPHDQVTXDUH6TYDOXHDVVXUIDFHTXDOLW\7KHSURILORPHWU\DQG
VXUIDFH URXJKQHVVPHDVXUHPHQWVZHUHSHUIRUPHGZLWKLQDPP[PPDUHDXVLQJDQ$OLFRQD ,QILQLWH)RFXV
RSWLFDOSURILOHU3RVWSURFHVVLQJDQGWKHDQDO\VLVRIWKHVXUIDFHPHDVXUHPHQWVDVZHOODVYRLGYROXPHFRPSXWDWLRQ
XVHG63,3VRIWZDUH/LQHDUSODQHFRUUHFWLRQDQG*DXVVLDQORQJZDYHILOWUDWLRQZHUHDSSOLHGWR WKHPHDVXUHPHQWV
7KHH[WUHPHQRLVHYDOXHVZHUHHOLPLQDWHGIURPWKHHYDOXDWLRQVRWKDWWKHHOLPLQDWHGDUHDGLGQRWH[FHHGWKHRI
WKHWRWDODUHD,QDGGLWLRQWR6TWKHDYHUDJHURXJKQHVV6DSHDNWRSHDNURXJKQHVV6]PD[LPXPYDOOH\GHSWK6Y
DQGPD[LPXP SHDN KHLJKW 6SZHUH FRQVLGHUHG IRU ' URXJKQHVVPHDVXUHPHQW0RUHRYHU WKH DYHUDJH VXUIDFH
URXJKQHVV 5D DQG URRWPHDQ VTXDUH 5TZHUHPHDVXUHG LQ ' RQ WKUHH GLIIHUHQW VHFWLRQV RI WKH VXUIDFHV VHH
)LJXUHVWR
7DEOH/DVHUFXWWLQJSURFHVVSDUDPHWHUV
7UDYHOVSHHG
PPPLQ *DVW\SH
*DV
SUHVVXUH
EDU
1R]]OHVWDQGRII
PP
1R]]OH
GLDPHWHU
PP
/DVHU
SRZHU
N:
)RFDOOHQJWK
PP
)RFDOSRLQW
SRVLWLRQPP

 1      
EHORZWKHZRUNSLHFHVXUIDFH


)LJ7KHVFKHPDWLFSUHYLHZRIWKHH[SHULPHQWDOSURFHGXUH7KHYHUWLFDOGDVKHGOLQHLVSHUSHQGLFXODUWRWKHSODWH
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
)LJ4XDOLW\LQGXVWULDOPLOOLQJDVXUIDFHURXJKQHVVUHVXOWVLQȝPE'SURILORPHWU\RIDPP[PPDUHD

)LJ4XDOLW\URXJKPLOOLQJDVXUIDFHURXJKQHVVUHVXOWVLQȝPE'SURILORPHWU\RIDPP[PPDUHD
7KH ODVHU XVHG IRU FXWWLQJ ZDV DQ ,3* 3KRWRQLFV </6 60 ILEHU ODVHU SURYLGLQJ D  N: VLQJOHPRGH
FRQWLQXRXVZDYH ODVHU EHDPZLWK DZDYHOHQJWK RI  QP 7KH ODVHUZDV JXLGHG WKURXJK DQ RSWLFDO ILEHU WR D
+LJK<DJ FXWWLQJ KHDG 7KH VHWXS IRU FXWWLQJ LV VKRZQ LQ.ULVWLDQVHQ HW DO  6- VWHHO SODWHV ZLWK WKH
GLPHQVLRQVVKRZQLQ)LJXUHZHUHXVHGIRUWKHH[SHULPHQWV7KHFKHPLFDOFRPSRVLWLRQRIWKHVWHHOFDQEHIRXQGLQ
WDEOH6LQFHWKHJDSWHQGVWRYDU\GXULQJZHOGLQJWKHSODWHVKDGWREHSUHVVHGWRJHWKHUILUPO\7RDFKLHYHWKLVWZR
EORFNVRIWKHVDPHPDWHULDODVWKHSODWHVZHUHWDFNZHOGHGWRERWKVLGHVRIWKHVDPSOHV7KLVDOVRPDGHLWSRVVLEOHWR
NHHS WKH VWDUW DQG VWRSSRLQWV RI WKHZHOGLQJSURFHVVRXWVLGH WKHPDLQSODWH )LJXUH  VKRZV DQRYHUYLHZRI WKH
H[SHULPHQWDOVHWXS
,W VKRXOG EH QRWHG WKDW DOO WKH DERYH PHQWLRQHG VDPSOHV ZHUH SUHSDUHG IRU ]HUR SUHVHW JDS H[SHULPHQWV
+RZHYHUWRDOORZFRPSDULVRQVRPHH[SHULPHQWVKDYLQJVXUIDFHTXDOLW\ZHUHDOVRFDUULHGRXWZLWKDQG
PPSUHVHWJDSV)RUWKLVUHDVRQVRPHVDPSOHVZHUHPDFKLQHGSUHFLVHO\DWWKHHGJHVRWKDWWKHGHVLUHGSUHVHW
JDSZDVJXDUDQWHHGFRQVWDQWO\DOODORQJWKHHGJHRIWKHVDPSOHVHH)LJXUH
7DEOH&KHPLFDOFRPSRVLWLRQRIWKHVWHHODIWHUWKHPDWHULDOFHUWLILFDWHSURYLGHGE\WKHVWHHOPDQXIDFWXUH
 & 0Q 3 6 6L &X $O 1L &U 9 0R &(9
6-            
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
)LJ4XDOLW\URXJKPLOOLQJDVXUIDFHURXJKQHVVUHVXOWVLQȝPE'SURILORPHWU\RIDUDQGRPPP[PPDUHD

)LJ4XDOLW\VDQGEODVWHGODVHUFXWDVXUIDFHURXJKQHVVUHVXOWVLQȝPE'SURILORPHWU\RIDUDQGRPPP[PPDUHD
2.2. Welding Procedure 
'RXEOHVLGHG VLQJOHSDVV+/$:ZDVSHUIRUPHG WR DFKLHYH VXIILFLHQWSHQHWUDWLRQPHDQLQJ WKDW ILUVW RQH VLGH
ZDVZHOGHGDQGWKHQWKHVDPSOHZDVWXUQHGDURXQGWRZHOGWKHVHFRQGSDVVRQWKHRWKHUVLGH7KHWUDYHOVSHHGZDV
DGRSWHGDVWKHFULWLFDOSDUDPHWHUIRUHYDOXDWLQJWKHSURFHVVHIILFLHQF\6RPHRWKHUSDUDPHWHUVVXFKDVZLUHIHHGDQG
DUFSRZHUZHUHYDULHGWRFRPSHQVDWHIRUWKHODFNRIKHDWDQGILOOHUPDWHULDOZLWKWKHLQFUHDVHRIWUDYHOVSHHG7KH
RWKHUSURFHVVSDUDPHWHUVZHUHNHSWFRQVWDQW WRVLPSOLI\ WKHVWXG\7DEOHVDQGVKRZWKHFRQVWDQWDQGYDULDEOH
SDUDPHWHUV UHVSHFWLYHO\ IRU HDFK SDVV ,W VKRXOG EH QRWHG WKDW WR DOORZ FRPSDULVRQZKHQZHOGLQJZLWK D JLYHQ
WUDYHO VSHHG WKH VDPHFRUUHVSRQGLQJSDUDPHWHU VHWZDVXVHG UHJDUGOHVVRI WKH VDPSOHV VXUIDFHTXDOLW\RUSUHVHW
JDS7KHODVHUXVHGIRU+/$:ZDVD7UXPSI7UX'LVNGLVNODVHUSURYLGLQJDN:FRQWLQXRXVZDYHODVHU
EHDPZLWKDZDYHOHQJWKRIQP7KH ODVHUZDVJXLGHG WKURXJKDQRSWLFDO ILEHU WRD7UXPSI5)25HIOHFWLQJ
)RFXV2SWLFV7KH+/$:ZDVSURYLGHGXVLQJWKHFRPELQDWLRQRIWKHODVHUDQGD0$*V\VWHPZLWKDJDVFRQWDLQLQJ
$U &2 7KH ILOOHU PDWHULDO ZDV (6$% 2.  ILOOHU ZLUH ZLWK D GLDPHWHU RI  PP 7KH ZHOGLQJ ZDV
SHUIRUPHGXVLQJDQDUFOHDGLQJSURFHVVVHH)LJLQZKLFKWKHDUFZDVH[SRVHGVHFRQGEHIRUHWKHODVHUKLWWKH
ZHOGSRRO$IWHUWKHZHOGLQJUDGLRJUDSKLFH[DPLQDWLRQZDVSHUIRUPHGWRGHWHFWSRVVLEOHSRURVLW\DQGFUDFNVLQWKH
ZHOGV)RUWKLVUHDVRQWKHZHOGVDPSOHVZHUHH[SRVHGWRN9[UD\UDGLDWLRQVRWKDWWKH,4,ZLUHVHQVLWLYLW\
ZDV0DFURVHFWLRQVDPSOHVZHUHFXWRXWIURPHDFKZHOGIRUWKHHYDOXDWLRQRISHQHWUDWLRQ2QO\DOHQJWKRI
PPLQWKHPLGGOHRIWKHZHOGZDVXVHGLQWKHTXDOLW\HYDOXDWLRQ

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7DEOH:HOGLQJSURFHVVSDUDPHWHUVIRUWKHYDULDEOHVVHHWDEOH
/DVHU
SRZHU
N:
$UF
SRZHU
N:
:LUHIHHG
PPLQ
7UDYHO
VSHHG
PPLQ
*DVIORZ
UDWH
OPLQ
)RFDO
SRVLWLRQ
PP
)RFDO
OHQJWK
PP
/DVHU
DQJOH
GHJUHH
$UFWRUFK
DQJOH
GHJUHH
:LUH
VWLFNRXW
PP
$UFODVHU
GLVWDQFH
PP
          
:LWKUHVSHFWWRWKHYHUWLFDOD[LV%HORZWKHZRUNSLHFHVXUIDFH

7DEOH:HOGLQJSURFHVVYDULDEOHSDUDPHWHUVIRUWKHFRUUHVSRQGLQJWUDYHOVSHHGVIRUHDFKSDVV
7UDYHOVSHHGPPLQ
           
:LUHIHHGPPLQ           
YROWDJH9           
FXUUHQW$           
&RUUHVSRQGLQJSDUDPHWHUVIRUWKHH[SHULPHQWZLWKPPJDS
5HVXOWVDQGGLVFXVVLRQ
7KHVXPPDU\RIWKHZHOGLQJUHVXOWVFDQEHIRXQGLQ)LJXUHZKLFKVKRZVDOOWKHH[SHULPHQWDOSRLQWVEDVHGRQ
WKHGLIIHUHQWVXUIDFHTXDOLWLHVWKHSUHVHWJDSVDQGWKHFRUUHVSRQGLQJWUDYHOVSHHGV7KHILJXUHFRPSDUHVWKHHIIHFW
RIVXUIDFHSUHSDUDWLRQYHUVXVJDSLQFUHDVHRQWKHPD[LPXPWUDYHOVSHHGIRUIXOOSHQHWUDWLRQ6XUIDFHTXDOLW\DQG
ZLWK]HURSUHVHWJDSOHGWRWKHORZHVWPD[LPXPWUDYHOVSHHGIRUIXOOSHQHWUDWLRQZKLFKZDVPPLQ$VWKHSUH
VHW JDS LQFUHDVHG DQG WKH VXUIDFH TXDOLW\ UHPDLQHG WKH VDPH WKH PD[LPXP WUDYHO VSHHG IRU IXOO SHQHWUDWLRQ
LQFUHDVHGXSWRPPLQ7KHLPSURYHPHQWLQSHQHWUDWLRQSURGXFHGE\LQFUHDVLQJWKHSUHVHWJDSZDVH[SHFWHGDV
LWZDVDOUHDG\DQWLFLSDWHGLQLQGXVWU\'HSHQGLQJRQWKHZHOGLQJSURFHVVDQGDVORQJDVLWUHPDLQVZLWKLQDFHUWDLQ
UDQJHWKDWFDQEHEULGJHGDZLGHUJDSQRUPDOO\DOORZVPRUHILOOHUPDWHULDOLQVLGHWKHZHOGWKHUHE\LQFUHDVLQJWKH
SHQHWUDWLRQRUWUDYHOVSHHG,Q WKLVH[SHULPHQWRQWKHRWKHUKDQG WKHVXUIDFHTXDOLW\YDULHGZKLOH WKHSUHVHWJDS
UHPDLQHGFRQVWDQW]HURDQGWKHPD[LPXPWUDYHOVSHHGIRUIXOOSHQHWUDWLRQFRXOGEHLQIOXHQFHGVLJQLILFDQWO\$V
FDQEHVHHQLQWKHILJXUHDVWHDG\LQFUHDVHLQWUDYHOVSHHGZDVREWDLQHGE\XVLQJVDPSOHVKDYLQJVDQGEODVWHGODVHU
FXWVXUIDFHVXUIDFHTXDOLW\ZKLFKJXDUDQWHHGWKHPD[LPXPWUDYHOVSHHGRIPPLQ+RZHYHUDQLQFUHDVHRI
DYHUDJHVXUIDFHURXJKQHVVWRȝPFRXOGQRWHQKDQFHWKHSURFHVVHIILFLHQF\DVWKHPD[LPXPVSHHGZDVPPLQ
ZKHQ WKH VDPSOHV KDG VXUIDFH TXDOLW\ :KHQ DYHUDJH VXUIDFH URXJKQHVV URVH WR ȝP WUDYHO VSHHG LQFUHDVHG
VOLJKWO\WRPPLQEXWWKLVZDVVWLOOIDUORZHUWKDQWKHUHVXOWDFKLHYHGIRUVXUIDFHTXDOLW\
)LJXUHVKRZVWKDWVXUIDFHSUHSDUDWLRQFDQEHFRQVLGHUHGDQDOWHUQDWLYHDSSURDFKIRULQFUHDVLQJWUDYHOVSHHGRU
SHQHWUDWLRQ LQ WKH+/$:RI VWHHO0RUHRYHUZHOGLQJSURFHVVZDVPRUH VWDEOHZLWKTXDOLW\ VXUIDFHV WKDQZLWK
RWKHUTXDOLW\ VXUIDFHV1HLWKHU[UD\ WHVWVQRUPDFURVHFWLRQ LQVSHFWLRQGHWHFWHGDQ\SRUHV LQ WKHZHOGV WKDWZHUH
PDGH XVLQJ VXUIDFH TXDOLW\  ,Q VRPH FDVHV WKH RWKHU H[SHULPHQWV WHQGHG WR SURGXFH SRUHV LQ WKH ZHOG
6ROLGLILFDWLRQFUDFNVZHUHXQDYRLGDEOHLQWKHH[SHULPHQWVUHJDUGOHVVRIWKHLUHGJHVXUIDFHTXDOLW\7KLVLVEHFDXVH
WKHWUDYHOVSHHGUDQJHXVHGLQWKLVVWXG\ZDVWRRKLJKOHDGLQJWRKLJKFRROLQJUDWHVDQGORZZLGWKWRGHSWKUDWLRV
)LJXUH  VKRZV DQ H[DPSOH RI IXOO SHQHWUDWLRQ DQG QRW IXOO SHQHWUDWLRQ H[SHULPHQWV$V FDQ EH VHHQ YHU\ VPDOO
YHUWLFDOIODZVDSSHDUHGLQWKHODVHUGRPLQDWHGDUHDRIZHOGV7KHIODZVZHUHQRWFRQWLQXRXVDQGWKHLUVL]HZDVVRPH
WLPHVWRRVPDOO7KHUHIRUHLQVRPHFDVHVLWZDVQRWSRVVLEOHWRHYHQGHWHFWWKHPE\UDGLRJUDSKLFH[DPLQDWLRQ
&RPSDULVRQRIWKHPD[LPXPWUDYHOVSHHGVREWDLQHGE\WKHH[SHULPHQWVZLWKVXUIDFHTXDOLW\DQGOHDGVWRWKH
FRQFOXVLRQ WKDW WKHDYHUDJHVXUIDFH URXJKQHVVZDVQRW VROHO\ UHVSRQVLEOH IRU WKH LQFUHDVH LQ WUDYHO VSHHG ,Q IDFW
RWKHUFKDUDFWHULVWLFVRIVXUIDFHTXDOLW\FRXOGH[SODLQWKHLQFUHDVH

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
)LJ&RPSDULVRQRIVXUIDFHSUHSDUDWLRQDQGJDSLQFUHDVHDSSURDFKHVLQWHUPVRIZHOGLQJWUDYHOVSHHGDQGSHQHWUDWLRQ3*SUHVHWJDS5HG
GDVKHGOLQHSRO\QRPLDOILWWRWKHPD[LPXPWUDYHOVSHHGVIRUIXOOSHQHWUDWLRQVKRZLQJWKHGLVWULEXWLRQGLUHFWLRQRIWKHH[SHULPHQWDOSRLQWV

)LJD$QH[DPSOHRILQFRPSOHWHSHQHWUDWLRQH[SHULPHQWPPLQVXUIDFHTXDOLW\]HURSUHVHWJDSEDIXOOSHQHWUDWLRQH[SHULPHQW
ZLWKDIODZLQWKHPLGGOHPPLQVXUIDFHTXDOLW\]HURSUHVHWJDSDQGFPLFURVFRSLFLPDJHRIWKHIODZ
x WKH³QDWXUDOJDS´GXHWRSHDNVDQGYDOOH\VRIVXUIDFHURXJKQHVV
x WKHGLIIHUHQWFKHPLFDOFRPSRVLWLRQRIWKHVDQGEODVWHGODVHUFXWVXUIDFHGXHWRWKHSUHVHQFHRIVLOLFD
x WKHFKDRWLFVWULDWLRQVSDWWHUQRIWKHODVHUFXWVXUIDFHZKLFKFRXOGLQFUHDVHODVHUDEVRUSWLRQRUHQKDQFHWKH
PROWHQILOOHUPDWHULDOIORZLQVLGHWKHMRLQW
x WKHGLIIHUHQWVXUIDFHPLFURVWUXFWXUHGXHWRWKHKHDWWUHDWPHQWGXULQJODVHUFXWWLQJ

,WHPV   DQG  ZLOO EH GLVFXVVHG EULHIO\ LQ WKH IROORZLQJ VHFWLRQ DV WKH PDLQ H[SODQDWLRQV IRU WKLV
SKHQRPHQRQ+RZHYHUWKHOLPLWDWLRQVRIWKLVVWXG\GLGQRWDOORZVFRSHIRUWKHLQYHVWLJDWLRQRILWHPVRLWZDV
FRQVLGHUHGIRUIXWXUHVWXGLHV
3.1. Natural gap effect 
,QJHQHUDOWKHSHDNVDQGYDOOH\VRIHGJHVXUIDFHURXJKQHVVOHDGWRWKHIRUPDWLRQRIORFDOJDSVLQWKHMRLQWDQG
WKHORFDOJDSVRQWKHURXJKVXUIDFHVSURYLGHD³QDWXUDOJDS´LQWKHMRLQWWKDWLVXQDYRLGDEOHHYHQLIWKHSUHVHWJDSLV
VHW WR ]HUR &RQVHTXHQWO\ LQ WKLV VWXG\ WKH LQFUHDVHG SHQHWUDWLRQVSHHG LQ WKH H[SHULPHQWV ZLWK KLJKHU VXUIDFH
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URXJKQHVVPLJKWDOVRKDYHEHHQGXHWRORFDOJDSVDOORZLQJPRUHKHDWDQGILOOHUPDWHULDOIXUWKHULQVLGHWKHZHOG7KLV
LPSOLHVWKDWLWLVYHU\LPSRUWDQWWRWDNHWKHSUHVHQFHRIQDWXUDOJDSLQWRDFFRXQWZKHQXVLQJVDPSOHVZLWKURXJKHGJH
VXUIDFHV,Q WKHFDVHRI WKHPLOOHGVXUIDFHV LQYHVWLJDWHG WKHPD[LPXPSRVVLEOHQDWXUDOJDSFRXOGEHHVWLPDWHGE\
PHDVXULQJWKH5]YDOXH)LJXUHDDVWKHURXJKQHVVGLVWULEXWLRQZDVPRUHV\VWHPDWLFWKDQWKHFKDRWLFVWULDWLRQVRI
ODVHU FXW VXUIDFHV )LJXUH  E+RZHYHU DQ HVWLPDWLRQEDVHG RQ WKH ' URXJKQHVV SURILOH FRXOG QRW SURYLGH DQ
DFFXUDWHLQGLFDWLRQRIWKHQDWXUDOJDSDVWKHSHDNVDQGYDOOH\VRIWKHWZRFRQIURQWLQJVXUIDFHVDUHUDQGRPO\SDLUHG
LQDUHDOMRLQW&RQVHTXHQWO\WKHYRLGYROXPHDERYHWKH'VXUIDFHSURILOHZDVFRQVLGHUHGIRUWKHHYDOXDWLRQDVLW
FRXOGSURYLGHDEHWWHUHVWLPDWLRQRIYROXPHWULFQDWXUDOJDSWKURXJKRXWWKHVXUIDFHVRIWKHVDPSOHV)LJXUHFGHSLFWV
WKHGHILQLWLRQRI WKHYRLGYROXPH IRU WKH HYDOXDWLRQ7KHYRLGYROXPHRQ WKH' VXUIDFH URXJKQHVVSURILOHVZDV
FRPSXWHGRYHUWKHFRPSOHWHVXUIDFHPHDVXUHPHQWDUHDRIPP[PP$VVXPLQJWKDWERWKSLHFHVRIDEXWWMRLQW
KDYH LGHQWLFDO HGJH VXUIDFH TXDOLW\ WKH YRLG YROXPH RI RQH VXUIDFHPXOWLSOLHG E\ WZR SURYLGHV D UHODWLYHO\ IDLU
DSSUR[LPDWLRQRIWKHPD[LPXPSRVVLEOHQDWXUDOJDSZLWKLQWKHHYDOXDWHGDUHD
7KHUHVXOWVRIWKHFRPSXWDWLRQRIWKHYRLGYROXPHDQGWKHPD[LPXPSRVVLEOHQDWXUDOJDSIRUHDFKVXUIDFHTXDOLW\
FDQEHIRXQGLQ7DEOHVDQGUHVSHFWLYHO\2QWKHEDVLVRIWKHUHVXOWVLWFDQEHFRQFOXGHGWKDWWKHJDSGLGQRWSOD\
DPDMRUUROHLQWKHDFKLHYHPHQWRIKLJKHUSHQHWUDWLRQLQWKHVDPSOHVZLWKVXUIDFHTXDOLW\$VFDQEHVHHQLQ7DEOH
 WKHPD[LPXPSRVVLEOHQDWXUDOJDSGXH WR WKHURXJKQHVVRIVXUIDFHTXDOLW\ LVFRQVLGHUDEO\ ORZHU WKDQ WKDWRI
VXUIDFHTXDOLW\ZLWKRUPPSUHVHWJDS7KLVLPSOLHVWKDWWKHQDWXUDOJDSLQWKHMRLQWVZLWKVXUIDFHTXDOLW\
LVQRWPDLQO\UHVSRQVLEOHIRUWKHLQFUHDVHLQWUDYHOVSHHG,QIDFWDMRLQWSUHSDUHGZLWKVXUIDFHTXDOLW\DQG
PPSUHVHWJDSZRXOGEHHTXLYDOHQWWRDMRLQWZLWKDVDQGEODVWHGODVHUFXWVXUIDFHDQG]HURSUHVHWJDS+RZHYHULI
WKHVH WZR DUH FRPSDUHG WKH ODWWHUZRXOGSURYLGH DSSUR[LPDWHO\ KLJKHU WUDYHO VSHHG DVZHOO DV HDVLHU VHWXS
EHFDXVHLWGRHVQRWUHTXLUHWKHSUHSDUDWLRQRISUHVHWJDSDQGPDNHVWKHZHOGLQJRSHUDWLRQPRUHFRQYHQLHQW
7DEOH&RPSXWHGYRLGYROXPHIRUHDFKW\SHRIVXUIDFHLQDPP[PPDUHD
 6XUIDFHTXDOLW\ 6XUIDFHTXDOLW\ 6XUIDFHTXDOLW\ 6XUIDFHTXDOLW\
9RLGYROXPHPP    

7DEOH0D[LPXPSRVVLEOHYROXPHWULFQDWXUDOJDSRIWKHMRLQWVDFFRUGLQJWRHDFKVXUIDFHW\SHLQDPP[PPDUHD
 :LWKRXWSUHVHWJDS :LWKSUHVHWJDS
 6XUIDFHTXDOLW\
6XUIDFH
TXDOLW\
6XUIDFH
TXDOLW\
6XUIDFH
TXDOLW\
6XUIDFHTXDOLW\
ZLWKPPJDS
6XUIDFHTXDOLW\
ZLWKPPJDS
6XUIDFHTXDOLW\
ZLWKPPJDS
0D[QDWXUDO
JDS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)LJD6FKHPDWLF'URXJKQHVVSURILOHRIPLOOHGVXUIDFHV0D[LPXPORFDOJDSFDQEHHVWLPDWHGE\5]E6FKHPDWLF'URXJKQHVVSURILOH
RIODVHUFXWVXUIDFHF'HILQLWLRQRIYRLGYROXPHIRU'FRPSXWDWLRQRIQDWXUDOJDSGVFKHPDWLFRI'QDWXUDOJDS
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3.2. Sand-blasting effect 
7KHRWKHUUHDVRQWKDWFRXOGH[SODLQWKHLQFUHDVHLQWUDYHOVSHHGZDVWKHHIIHFWRIVDQGEODVWLQJRQWKHTXDOLW\
VXUIDFHV)RUWKLVUHDVRQWKHZHOGLQJH[SHULPHQWVRQVXUIDFHTXDOLW\VDPSOHVZHUHUHSHDWHGH[FHSWWKDWWKLVWLPH
VXUIDFHVZHUHQRWVDQGEODVWHG6LPLODUO\WKHRWKHUH[SHULPHQWVRQVXUIDFHTXDOLWLHVDQGZHUHDOVRUHSHDWHG
ZLWKVDQGEODVWHGVXUIDFHV7RDOORZFRPSDULVRQZLWKWKHGDWDLQ)LJXUHWKHVDPHVHWRIZHOGLQJSDUDPHWHUVZDV
XVHGIRUHDFKFRUUHVSRQGLQJVXUIDFHW\SH)LJXUHVKRZVWKHHIIHFWRIVDQGEODVWLQJIRUHDFKVXUIDFHW\SHDFFRUGLQJ
WRWKHPD[LPXPWUDYHOVSHHGIRUIXOOSHQHWUDWLRQ$VFDQEHVHHQVDQGEODVWLQJFRXOGVOLJKWO\LQFUHDVHWKHZHOGLQJ
HIILFLHQF\ZKHQ VDPSOHVZLWK VXUIDFHTXDOLW\DQGXVHG IRUZHOGLQJ7KLV FRXOGEHGXH WR WKHSUHVHQFHRI
VLOLFD RQ WKH VXUIDFHV RU DQ LQFUHDVH LQ VXUIDFH URXJKQHVV GXH WR WKH HIIHFW RI VDQGEODVWLQJ SURFHVV +RZHYHU
VXUSULVLQJO\ VDQGEODVWLQJ GLG QRW KDYH DQ\ HIIHFW RQ WKH PD[LPXP WUDYHO VSHHG IRU IXOO SHQHWUDWLRQ ZKHQ WKH
VDPSOHVKDYLQJODVHUFXWVXUIDFHZHUHXVHGIRUZHOGLQJ7KHUHIRUHLQWKHFDVHRIH[SHULPHQWVZLWKVXUIDFHTXDOLW\
VDQGEODVWLQJZDVQRWUHVSRQVLEOHIRUWKHLQFUHDVHLQWUDYHOVSHHGFRPSDUHGZLWKWKHRWKHUH[SHULPHQWV,WLVZRUWK
PHQWLRQLQJWKDWVDQGEODVWLQJKDGDIDYRUDEOHHIIHFWRQHOLPLQDWLQJSRUHV LQ WKHZHOG,QVRPHFDVHV WKDWVDPSOHV
ZLWKVXUIDFHTXDOLW\ZHUHQRWVDQGEODVWHGSRUHVDSSHDUHGLQWKHZHOGVGXHWRWKHSUHVHQFHRIR[LGHOD\HU
3.3. Surface pattern effect 
&RQVLGHULQJWKHIDFWWKDWQDWXUDOJDSLQWKHMRLQWVFRXOGQRWVROHO\OHDGWRDQLQFUHDVHGWUDYHOVSHHGDQGDOVRWKH
IDFW WKDW VDQGEODVWLQJRQ WKH VXUIDFHVKDGRQO\DPLQRUHIIHFWRQ LQFUHDVLQJ WUDYHO VSHHGRQHFDQDUJXH WKDW WKH
HIIHFW RI VXUIDFH SDWWHUQ FRXOG EH SUHGRPLQDQWO\ WKHPDLQ H[SODQDWLRQ IRU WKLV SKHQRPHQRQ ,Q IDFW WKH FKDRWLF
SDWWHUQVRIWKHYHUWLFDOVWULDWLRQVRQWKHODVHUFXWVXUIDFHVFRXOGOHDGWRLQFUHDVHGODVHUDEVRUSWLRQDQGDWWKHVDPH
WLPHJXLGHGWKHPROWHQILOOHUPDWHULDOIORZIXUWKHULQVLGHWKHMRLQW7KLVIDFWWRJHWKHUZLWKWKHSUHVHQFHRIWKHQDWXUDO
JDSFDXVHGE\WKHODVHUFXWVWULDWLRQVLQWKHMRLQWFRXOGKDYHLQFUHDVHGWKHZHOGLQJHIILFLHQF\RUWKHPD[LPXPWUDYHO
VSHHGIRUIXOOSHQHWUDWLRQ$FORVHUORRNDWWKHVXUIDFHSDWWHUQVLQ)LJXUHEVKRZVWKDWZLWKLQDPPDUHDHJ
LQDJURRYH ORFDWHGEHWZHHQWZRSHDNV WKH ORFDOVXUIDFHLV UDWKHUIODWFRPSDUHG WRDPPDUHDRQ WKH ODVHUFXW
VXUIDFH LQ )LJXUH  E ZKHUH WKH YDULDWLRQ RI VXUIDFH KHLJKW LV PRUH YLROHQW 7KLV FRXOG KDYH PRGXODWHG WKH
LQFLGHQFH RI ODVHU EHDP DQGPDWHULDO HVSHFLDOO\ DW WKH GHHSHU SDUWV RI WKHZHOGZKHUH WKH ODVHU GRPLQDWHG DUHD
GHWHUPLQHVWKHZHOGSHQHWUDWLRQ
&RQFOXVLRQ
$QXPEHURIK\EULG ODVHUZHOGLQJH[SHULPHQWVZHUHFDUULHGRXWRQPPVWHHOSODWHV DFFRUGLQJ WR LQGXVWULDO
SURFHGXUHV7KHHIIHFWRIGLIIHUHQWMRLQWSUHSDUDWLRQPHWKRGVZDVVWXGLHGLQFOXGLQJYDULRXVHGJHVXUIDFHURXJKQHVV
YDOXHV IURP  ȝP WR  ȝP DQG GLIIHUHQW VXUIDFH URXJKQHVV SDWWHUQV 7KH UHVXOWV ZHUH FRPSDUHG ZLWK WKH
FRQYHQWLRQDOSUHSDUDWLRQPHWKRGVZLWKPLOOLQJDQGWKHXVHRISUHVHWJDSIRULQFUHDVLQJSHQHWUDWLRQ7KHIROORZLQJ
FRQFOXVLRQVFDQEHGUDZQ

)LJ&RPSDULVRQRIVDQGEODVWLQJHIIHFWIRUHDFKVXUIDFHTXDOLW\EDVHGRQPD[LPXPWUDYHOVSHHGIRUIXOOSHQHWUDWLRQ3*SUHVHWJDS
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x 3UHSDUDWLRQRIHGJHVXUIDFHTXDOLW\FDQEHFRQVLGHUHGDVDQDOWHUQDWLYHDSSURDFK WR LQFUHDVH WKHHIILFLHQF\RI
K\EULGODVHUZHOGLQJ,QFRPSDULVRQZLWKFRPPHUFLDOSUHSDUDWLRQPHWKRGVZLWKPLOOLQJPDFKLQHVLWLVSRVVLEOH
WRDFKLHYHXSWRLQFUHDVHLQZHOGLQJWUDYHOVSHHGE\XVLQJSODWHVZLWKODVHUFXWHGJHVXUIDFHDQGQRSUH
VHWJDS,QDGGLWLRQXVLQJWKLVDSSURDFKDOORZVZHOGLQJZLWK]HURSUHVHWJDSZKLFKPDNHVLWHDVLHUWRSRVLWLRQ
ZRUNSLHFHV7KLVLVEHFDXVHWKHQDWXUDOJDSFDXVHGE\WKHURXJKVWULDWLRQVRIWKHODVHUFXWVXUIDFHFRPSHQVDWHV
IRUWKHODFNRISUHVHWJDS
x $QDSSUR[LPDWLRQRIWKHQDWXUDOJDSFDXVHGE\WKHURXJKVWULDWLRQVRIWKHODVHUFXWVXUIDFHVKRZHGWKDWDMRLQW
ZLWKODVHUFXWHGJHVXUIDFHVDQG]HURSUHVHWJDSKDVWKHVDPHJDSYROXPHDWLWVPD[LPXPDVDMRLQWSUHSDUHG
XVLQJFRPPHUFLDOPLOOLQJPHWKRGVDQGDPPSUHVHWJDS
x ,QFUHDVH LQ WKHDYHUDJHVXUIDFH URXJKQHVVZLWKLQ WKH UDQJHRI WRȝPFDQQRW VROHO\ LQFUHDVH WKHK\EULG
ODVHUZHOGLQJHIILFLHQF\ ,Q IDFW DW WKHKLJKHU URXJKQHVVYDOXHV LW VHHPV WKDW WKHHIIHFWRI VXUIDFH URXJKQHVV
SDWWHUQVRQ WKHHIILFLHQF\RI WKHK\EULG ODVHUZHOGLQJSURFHVVLVPRUHQRWLFHDEOHFRPSDUHGZLWK WKHHIIHFWRI
DYHUDJHVXUIDFHURXJKQHVVYDOXHLWVHOI,QWKLVH[SHULPHQWWKHFKDRWLFYHUWLFDOVWULDWLRQVFDXVHGE\ODVHUFXWWLQJ
FRXOGOHDGWRKLJKHUZHOGLQJWUDYHOVSHHGFRPSDUHGZLWKWKHV\VWHPDWLFVTXDUHVKDSHGSDWWHUQFDXVHGE\PLOOLQJ
WRROV
x 6ROLGLILFDWLRQ FUDFNV ZHUH IRXQG LQ WKH ZHOGV UHJDUGOHVV RI WKHLU VXUIDFH SUHSDUDWLRQ PHWKRG 7KH FUDFNV
RFFXUUHGEHFDXVHWKHZHOGLQJWUDYHOVSHHGUDQJHXVHGLQWKLVVWXG\ZDVWRRKLJKOHDGLQJWRKLJKFRROLQJUDWHV
DQGORZZLGWKWRGHSWKUDWLRV,QVRPHFDVHVWKHFUDFNVDSSHDUHGDVVPDOOYHUWLFDOIODZVLQWKHODVHUGRPLQDWHG
DUHDDQGWKH\ZHUHHYHQWRRVPDOOWREHGHWHFWHGE\UDGLRJUDSKLFH[DPLQDWLRQ
$FNQRZOHGJHPHQWV
7KLV VWXG\ ZDV VXSSRUWHG LQ SDUW E\ WKH 'DQLVK 1DWLRQDO $GYDQFHG 7HFKQRORJ\ )RXQGDWLRQ SURMHFW Cost-
Effective Mass Production of Universal Foundations for Large Offshore Wind Parks,QDGGLWLRQWKHDXWKRUVZRXOG
OLNHWRWKDQN)RUFH7HFKQRORJ\IRUSURYLGLQJZHOGLQJDQGUDGLRJUDSKLFH[DPLQDWLRQIDFLOLWLHV
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